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The Beryllium Lymphocyte Proliferation Test:
Relevant Issues in Beryllium Health Surveillance

Arthur W. Stange, PhD,� F. Joseph Furman, MD, DSc, and Duane E. Hilmas, DVM, PhD

Background The beryllium lymphocyte proliferation test (Be-LPT) measures beryllium-
specific cellular immune response, and is useful inmedical surveillance of beryllium sensi-
tivity and chronic beryllium disease (CBD).
Methods Current and former employees (n¼ 12,194) of 18 United States Department of
Energy (DOE) sites were tested for beryllium sensitization at four laboratories with Be-
LPT expertise. Beryllium sensitized individuals were offered evaluations for CBD. The
sensitivity, specificity, and positive predictive value (PPV) of the Be-LPTwere determined,
as was inter- and intra-laboratory agreement.
Results False positives were calculated to be 1.09%, with a laboratory range of 0.00–
3.35% for the 10-year investigation. Be-LPTs performed on inter-laboratory split blood
specimens from sensitized individuals showed a false negative rate of 31.7%. The intra-
laboratory repeatability of abnormal Be-LPT results ranged from 80.4–91.9%. The sensi-
tivity of the Be-LPTwas determined to be 0.683, with a specificity of 0.969. The PPVof one
abnormal Be-LPTwas 0.253.
Conclusions The Be-LPT is efficacious in medical surveillance of beryllium-exposed
individuals. The PPVof the Be-LPT is comparable to other widely accepted medical tests.
Confirmation of an abnormal result is recommended to assure appropriate referral for CBD
medical evaluation. Am. J. Ind. Med. 46:453–462, 2004. Published 2004 Wiley-Liss, Inc.{
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INTRODUCTION

The beryllium lymphocyte proliferation test (Be-LPT) is

an in vitro measure of beryllium antigen-specific, cell-

mediated immune response that has been shown to be useful

in identifying people at elevated risk of developing chronic

beryllium disease (CBD) [Williams and Williams, 1983;

Rossman et al., 1988; Mroz et al., 1991, Newman et al., 1996;

Newman, 1996; Stange et al., 1996b]. The Be-LPT can

identify individuals who, upon exposure to sufficient

airborne beryllium, initiate an immune response, herein

referred to as beryllium sensitivity that plays a central role in

the immunopathogenesis of CBD [Newman et al., 1989;

Newman, 1994, 2000; Fontenot et al., 1999]. The electronics,

aerospace, defense and nuclear weapons industries have been

large users of beryllium and beryllium alloys.

The Be-LPT measures the response of T-cell lympho-

cytes isolated from heparinized peripheral venous blood or

lung lavage cells. The harvested T-cells are cultured in a

medium containing the DNA precursor, thymidine, which

has been labeled with tritium (3H), a radioactive isotope of

hydrogen. Cell uptake of the tritiated thymidine reflects

the immune response-driven cell proliferation of T-cells
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stimulated with 1, 10, and 100 mM beryllium salts. Between

1992 and 2001, all of the Be-LPT laboratories used beryllium

sulfate. One of the laboratories also used beryllium fluoride

in performing the Be-LPT.

A stimulation index is the ratio of the radioactivity

(counts per minute) of beryllium-exposed cell cultures to the

count rate of unstimulated cultures. The stimulation indices

for tested individuals are compared to those of a non-exposed

control group that define the normal range for the Be-LPT

results [Rossman et al., 1988; Newman, 1996]. Each test has

six possible stimulation index values resulting from three

beryllium concentrations and two incubation periods. Two or

more stimulation index values of six possible values that

exceed the normal range index by at least two standard devia-

tions is the definition of an abnormal test. One of six stimu-

lation index values that exceed the normal range index by at

least two standard deviations is a borderline-abnormal test.

From 1992 to 2000, two of the four laboratories used a

standard ratio of 3.0 (stimulated to unstimulated) as the cut-

off for an abnormal result, and the other two laboratories used

a statistically calculated lab-specificabnormal cut-off. Begin-

ning in 2001, a third laboratory began using a statistically

calculated lab-specific abnormal cut-off.

In previous studies, Be-LPT results were nearly always

abnormal in persons with CBD, indicating that the Be-LPT

might be an effective surveillance test for both beryllium

sensitivity and CBD [Williams and Williams, 1983; Rossman

et al., 1988; Morz et al., 1991; Newman et al., 1996;

Newman, 1996; Stange et al., 1996b]. However, questions

remained regarding the test sensitivity and specificity and the

rates of false positives and false negatives when using the Be-

LPT [Deubner et al., 2001].

A very limited amount of information has been publish-

ed concerning the sensitivity and specificity of the Be-LPT

[Bobka et al., 1997; Newman, 2000; Deubner et al., 2001].

Test sensitivity and specificity cannot be easily defined for

beryllium sensitivity because the Be-LPT is the only

practical means to determine beryllium sensitivity and there

is no other standard test with which to compare.

Beryllium sensitivity and CBD cases have been reported

previously for current and former employees of the United

States Department of Energy (DOE) Rocky Flats Environ-

mental Technology Site (RFETS) [Kreiss et al., 1989, 1993;

Stange et al., 1996a,b, 2001]. This investigation significantly

increased the size of the RFETS study population, and

provided additional information from 17 other DOE sites.

The authors estimate the sensitivity and specificity of the Be-

LPT, the false positive and negative rates, and the PPV using

RFETS Be-LPT data collected from 1992 to 2001. Of the 18

DOE sites represented in this investigation, the RFETS site

provided the largest cohort with the longest history of

beryllium sensitivity testing. The authors also estimate the

background rates of abnormal Be-LPT results found in

RFETS individuals with no known beryllium exposure. Inter-

and intra-laboratory agreement were analyzed for RFETS

Be-LPT results and Be-LPT data from 17 other DOE sites

where sensitivity testing was performed during the 1999 to

2001 time period.

MATERIALS AND METHODS

Be-LPT results (n¼ 25,643) obtained from 1992 to 2001

for current and former employees from 18 DOE and

predecessor sites were analyzed to evaluate the efficacy of

the Be-LPT for determining beryllium sensitivity and CBD.

These 18 sites represent a variety of DOE missions (national

laboratories, production, and support) and accordingly a

variety of beryllium exposure frequency and exposure level

scenarios. Beryllium exposure at 17 of the sites included

either beryllium or beryllium oxide, while exposure at one

site was limited to a beryllium-copper alloy. In January 2000,

DOE sites implemented 10 CFR 850, the Chronic Beryllium

Disease Prevention Program, to reduce exposure to beryllium

and establish medical surveillance using the Be-LPT (10 CFR

850, 1999). Additionally, in April 2001, the DOE published

Specification-1142-2001, Beryllium Lymphocyte Prolifera-

tion Testing (Be-LPT), which provides the technical speci-

fications for laboratories performing the test [United States

Department of Energy, 2001]. By this specification, an

abnormal Be-LPT is defined as two or more of six possible

stimulation index values above a calculated cut-off value

specific for each laboratory.

Four laboratories with demonstrated expertise in perfor-

ming Be-LPTs processed the submitted blood specimens.

Be-LPT results from the largest cohort, RFETS, were used to

determine the sensitivity and specificity of the test, the false

positive and false negative rates for the test, and the useful-

ness of serial Be-LPTs. A subcohort of the RFETS

population and beryllium non-exposed new hires was tested

to determine background levels of beryllium sensitivity and

CBD. Inter- and intra-laboratory split-specimen agreement

included Be-LPT results from all 18 DOE sites where testing

occurred between 1992 and 2001.

An Institutional Review Board (IRB) reviewed all

procedures and materials used by the surveillance program

on an annual basis. An informed consent approved by the IRB

was obtained from each participant prior to any testing associ-

ated with the program. Participants were asked to complete a

self-administered questionnaire regarding their medical and

occupational history and demographics. An interviewer with

subject matter expertise reviewed the questionnaire for

completeness with each participant. All participants were

offered testing for beryllium sensitivity using the Be-LPT.

Beryllium Sensitivity Surveillance

To determine if individuals not exposed to known

sources of beryllium could be identified as having beryl-

lium sensitivity, 458 participants with no known beryllium
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exposure were tested. The potential for exposure to beryllium

was based on the results of a work and exposure history

questionnaire and interviews. The non-exposed cohort

included 291 newly hired RFETS employees who had no

known exposure to beryllium in prior employment and 167

current RFETS employees who had no known exposure to

beryllium prior to their RFETS employment and had not

entered RFETS beryllium buildings or work areas. Based on

industrial hygiene monitoring (1959–1998) and hazardous

materials documentation, beryllium characterization for the

RFETS site was available. The interviewer used this informa-

tion to confirm that current RFETS non-exposed employees

had not entered buildings, work areas, or storage locations

where beryllium was used or maintained. As part of this non-

exposed cohort testing, new hires received an initial Be-LPT

prior to their entering the site. The non-beryllium-exposed

current employees received initial, 3- and 6-year follow-up Be-

LPTs. The non-exposed current employees originally tested

completed a follow-up exposure and work history question-

naireandaninterviewtodetermine theirpotentialforberyllium

exposure since their initial test, prior to receiving the Be-LPT.

Employees who reported entering a beryllium work area were

removed from the non-exposed cohort.

Serial Be-LPT testing was offered at approximate 3-year

intervals to current and former employees who had normal

Be-LPT results and who were no longer occupationally

exposed. Current employees with the potential for ongoing

exposure to beryllium were tested annually. Participants (no

longer exposed to beryllium) who had an abnormal Be-LPT

result that had not been confirmed by a second Be-LPT

received serial retesting at 6- to 12-months, decreasing in

frequency to every 3 years. Serial testing allowed for the

identification of Be-LPT normal-to-abnormal conversions and

of initial false negative Be-LPT results. Individuals identified

as sensitized did not receive additional peripheral blood Be-

LPTs as part of the surveillance program, but were offered

ongoing tests as part of their CBD medical evaluation.

Blood specimens consisting of 30 ml of peripheral

venous heparinized blood were collected from program

participants and sent via overnight carrier to predetermined

laboratories. Specimens for inter-laboratory comparisons

were selected from individuals on a random basis (5–8% of

individuals on a weekly basis) and from those with other than

normal Be-LPT results.

In recognition of the possibility of inter- and intra-

laboratory variability in the test results, a person was not

considered beryllium sensitized unless an initial abnormal

Be-LPT result was confirmed by one or more concurrent or

subsequent Be-LPTs.

CBD Medical Evaluations

Participants sensitized to beryllium were offered clinical

evaluations on an ongoing basis to monitor for the develop-

ment of CBD. Participants diagnosed with CBD were offered

periodic clinical evaluations to monitor the progression of the

disease and to provide treatment where appropriate. The

frequency of beryllium sensitivity and CBD medical evalu-

ations were at the discretion of the pulmonologist based

on individuals’ health status and ranged from 3 months to

3 years.

All participants with beryllium sensitivity were offered a

diagnostic clinical evaluation at one of several major medical

facilities in the United States having expertise in the diag-

nosis of CBD. Pulmonologists at different medical centers

did not use the same medical evaluation protocol. A

‘‘complete’’ clinical evaluation generally included a work

history, physical examination, blood chemistry (including

CBC with differential), peripheral blood Be-LPT, exercise

physiology/pulmonary function, posterior-anterior chest X-

ray with B-reader interpretation [International Labor Orga-

nization (ILO), 1980], CT of the lungs, bronchoalveolar

lavage (BAL) with biopsy, and a BAL Be-LPT. A diagnosis

of CBD resulted from a history of beryllium exposure,

histopathologic evidence on biopsy of non-caseating gran-

ulomas or mononuclear cell infiltrates in the lung, a con-

firmed abnormal peripheral blood Be-LPT, and an abnormal

BAL Be-LPT. CBD was also diagnosed in participants with

normal BAL Be-LPTs, confirmed abnormal peripheral blood

Be-LPTs and with histologic evidence on biopsy or CT

evidence of pulmonary granulomatous disease. Because of

the difficulty in obtaining adequate biopsy specimens, a CBD

diagnosis was made with immunologic evidence of be-

ryllium sensitivity (peripheral blood Be-LPT or BAL Be-

LPT) and other compelling evidence of pulmonary disease

such as decreased diffusing capacity, CT evidence of

granulomatous disease, or increased level of mononuclear

cell infiltrates consistent with CBD. CBD was rarely diagno-

sed in individuals with only abnormal peripheral blood and

BAL Be-LPTs. Participants who were identified as sensitized

to beryllium or who were diagnosed with CBD were notified

of the potential hazards related to further exposure to

airborne beryllium.

Analysis of Be-LPT Results

Sensitivity and specificity of the Be-LPTwere calculated

using the more extensive RFETS Be-LPT data set containing

results from laboratories performing a high volume of tests

each year.

False positives and false negatives were calculated using

the following definitions. If an abnormal test result could not

be confirmed by additional (minimum of two) retest Be-LPTs

(first retest usually performed within 2 months of the

abnormal), then the original abnormal result was considered

a false positive. False negative results were identified only

among those participants found sensitized based on two or

more abnormal results. Among this group, a false negative
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result was defined as a normal test result concurrent with or

following within 2 years of an abnormal result.

If a normal result occurred 2 or more years after the last

of two or more abnormal results, it was considered a true

negative. This is because we assume that immune response

might have diminished with time in some individuals. Weakly

sensitized individuals can show both normal and abnormal

Be-LPT results. In these individuals, no effort was made to

eliminate the normal results from the calculation of false

negatives; however, the normal results would not be a failure

of the test, but a manifestation of the inability of weakly

sensitized individuals to mount a consistently abnormal

result.

The positive predictive values (PPV) (true positives/

(true positivesþ false positives)) for the first abnormal Be-

LPT result being confirmed as beryllium sensitivity (2

abnormal Be-LPT results), for the first abnormal Be-LPT

resulting in a CBD diagnosis, and for beryllium sensitivity

resulting in a CBD diagnosis were calculated.

Inter- and intra-laboratory agreement were analyzed for

the entire 10-year investigation period by comparing Be-LPT

results for split blood specimens sent to different laboratories

and sequential specimens sent to the same laboratory. For

inter-laboratory comparisons, the percent of split-specimen

pairs that resulted in an abnormal-abnormal agreement of

results was calculated. These percents were tabulated both

for all split specimens and for only those split specimens

taken from individuals with confirmed beryllium sensitivity.

For intra-laboratory comparisons, performed for sensitized

individuals only, we calculated the percent of abnormal

results obtained for sequential specimens.

Using split-specimen results that were obtained from the

RFETS sensitized participants, the authors estimate the per-

cent of false negatives according to the following equation:

x¼ (r/(2þ r))*100, where: x¼ fraction of false negatives,

r¼ (number of normal-abnormal pairs)/(number of abnor-

mal-abnormal pairs), 2¼ constant reflecting the two possi-

bilities for the result (normal and abnormal), and

100¼ conversion from fraction to percentage.

The second approach in examining inter- and intra-

laboratory agreement was the calculation of the weighted

kappa statistic. Kappa measures the level of agreement that

exceeds the agreement that would occur by chance alone,

and can range from �1.0 to þ1.0 [Cohen, 1960]. Using a

weighted kappa allows comparisons among sample pairs of

three Be-LPT result types (abnormal, borderline-abnormal,

and normal), with weighting factors used to reflect the level

or relative seriousness of disagreement among the types

[Spitzer et al., 1967]. Other possible Be-LPT outcomes,

including unsatisfactory and uninterpretable results, were

excluded from the analysis. The weighting factors for the Be-

LPT comparisons were calculated using the method of Fleiss

and Cohen [1973]. The ranges of kappa, <0.21, 0.21–0.40,

0.41–0.60, 0.61–0.80, and 0.81–1.00, are considered to

represent poor, fair, moderate, good, and excellent agree-

ment, respectively [Landis and Koch, 1977].

For the inter-laboratory kappa calculations, the authors

used data from all 18 DOE sites for split-specimen Be-LPTs

performed between 1992 and 2001 (n¼ 7,394 paired-tests).

Likewise, for intra-laboratory comparisons, normal, border-

line-abnormal, and abnormal results from sequential sam-

pling were used in calculating kappas.

RESULTS

Identification of Beryllium Sensitivity
and CBD

A total of 12,194 current and former employees of 18

DOE sites, who had known potential for exposure to

beryllium, were tested for beryllium sensitivity. Eighty-one

percent of those tested were former employees and had no

potential for ongoing exposure to beryllium. A total of 25,643

Be-LPTs were performed on the 12,194 participants. The

1,902 Be-LPT results that were borderline-abnormal, unsa-

tisfactory, or uninterpretable were excluded from the analy-

ses except for the inter- and intra-laboratory agreement and

kappa. Unsatisfactory and uninterpretable Be-LPT rates,

1992 to 2001, averaged 4.12% (range 2.55–6.13%). No

correlation was found between the annual number of Be-

LPTs performed by a laboratory and the unsatisfactory and

uninterpretable Be-LPT rates.

The authors examined 20,275 RFETS Be-LPT

results (1,427 borderline-abnormal, unsatisfactory, or unin-

terpretable results were excluded) to determine the test

sensitivity and specificity of the Be-LPT. The prevalence of

beryllium sensitivity without CBD in the subject population

is 2.35% (184/7,820), the prevalence of CBD is 1.50% (117/

7,820), and the combined beryllium sensitivity and CBD

prevalence is 3.85% (301/7,820). Ultimately, 38.9% (117/

301) of the sensitized participants were diagnosed as having

CBD.

The data in Table I track the progression of diagnosis

from sensitivity to CBD. Of the 117 diagnosed with CBD,

75.2% were diagnosed on their initial CBD clinical evalu-

ation, 90.5% by their second evaluation, and 96.6% by the

third. Participants may not have received the same diagnostic

tests, due to variations in protocol at different medical centers

or participant-specific medical contraindications. Ninety-

four percent of beryllium-sensitized participants diagnosed

with CBD had a ‘‘complete’’ clinical evaluation, and 37% of

participants diagnosed as beryllium-sensitized without CBD

had a ‘‘complete’’ evaluation. Because of variation in medi-

cal evaluation diagnostics and individual preference, some

sensitized individuals may not have been offered all of the

tests necessary to determine whether they had CBD. As a

result, the PPV of the Be-LPT in determining CBD may be

underestimated.
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Non-Exposed Population

Based on interviews and completed exposure and work

history questionnaires, 291 RFETS new hires and 167 current

RFETS employees identified as having no known exposure to

beryllium, received Be-LPTs. As shown in Table II, of the

458 receiving an initial Be-LPT, 7 had an abnormal response

(3 new hires, 4 current employees). Upon retesting at the

laboratory that had identified the abnormal response and a

second quality control laboratory, none of these abnormal

results were repeatable. As a result of completed ques-

tionnaires and interviews with current employees regarding

the potential for beryllium exposure, 149 of the 167 who

received an initial Be-LPT received a 3-year retest. Of the

149 current employees who received a 3-year serial retest, 2

individuals with previously normal results were identified

with abnormal results, but were not confirmed upon retesting.

Based on interviews and completed questionnaires, 136 of

the 149 who received a 3-year retest were offered and

completed a 6-year retest. None of the 6-year retests were

identified as having an abnormal response.

False Positives

The annual false positive rates for the individual labora-

tories range from 0.00% to 3.35%, with an average for the

four laboratories over the entire 10-year period of 1.09%.

Among the 7,820 RFETS participants tested during the 10-

year period, abnormal results for 218 (2.79%) could not be

confirmed with repeat testing. The Be-LPT laboratory

average false positive rate of 1.09% is lower than the 2.79%

of RFETS participants with unconfirmed abnormal results

because RFETS participants were serially tested for 10 years,

providing an increased opportunity of having a false positive

result.

False Negatives

When only normal and abnormal results were con-

sidered, there were 153 normal-abnormal pairs and 165

abnormal-abnormal pairs. The percent of false negatives was

calculated as ((153/165)/(2þ(153/165)))*100%¼ 31.7%.

When pairs with borderline-abnormal results were included

and the borderline-abnormal results counted as abnormal

results, there were 164 normal-abnormal pairs and 214

abnormal-abnormal pairs. With borderline-abnormal results

included, the percent of false negatives was ((164/214)/

(2þ(164/214)))*100%¼ 27.7%. The two laboratories with

the most consistent agreement between their results have a

24.6% false negative rate, based on 43 normal-abnormal

pairs and 66 abnormal-abnormal pairs. When borderline-

abnormal results were counted as abnormal results, their rate

of false negatives was 21.0% (44 normal-abnormal pairs and

83 abnormal-abnormal pairs).

Table III lists initial Be-LPT results for the 301 RFETS

participants who had a known potential for beryllium expo-

sure and who ultimately were determined to be sensitized.

The rates of false negatives calculated above using split-

specimen pairs can be compared to thevalues listed in Table III

for the Percent of Total Cases for the Normal Results on

Initial Tests: 24.7% for CBD; 24.5% for Sensitized Only; and

24.6% for the 2 categories combined (Total). A total of 519

TABLE II. Be-LPTResults for BerylliumNon-Exposed RFETSEmployees*

Employees
tested

Abnormal
Be-LPTs

Abnormals
confirmed

Number with
3-year retests

Abnormal
Be-LPTs

Abnormals
confirmed

Number with
6-year retests

Abnormal
Be-LPTs

Newhire (RFETS) 291 3 0 n/a n/a n/a n/a n/a
Current (RFETS) 167 4 0 149 2 0 136 0
Total 458 7 0 149 2 0 136 0

*Rocky Mountain Flats Environmental Technology Services.

TABLE I. Progression of Sensitivity to Chronic BerylliumDisease (CBD)

Number of clinical
evaluations

Number of CBD
cases diagnosed

Mean number of years*:
sensitivity to CBD Percent of total

Cumulative
percent of total

1 88 0.34 75.2 75.2
2 18 2.73 15.4 90.5
3 7 3.65 6.0 96.6
4 3 4.83 2.6 99.1
5 1 4.48 0.9 100.0
Totals 117 100.0 100.0

*Denotes time from the identification of beryllium sensitivity to the diagnosis of CBD.
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confirmational Be-LPT tests were performed for the 301

individuals who ultimately were found to be sensitized. False

negative Be-LPTs occurred in 138 of the 519 (26.6%) tests

performed for these participants.

To determine the number of serial tests after which no

further testing is informative or necessary, the authors looked

at how many normal tests preceded the first abnormal test in

all of those participants ultimately confirmed to be sensitized.

The distribution of these results is listed in Table IV. When

the serial Be-LPT results for the 301 sensitized participants

were examined, it was observed that 13 of these participants

had three or more normal Be-LPT results prior to the first

abnormal result. Using a single-test false negative rate of

30%, the combined false negative rate for four tests in series

is 0.81% (30%*30%*30%*30%); the combined false

negative rate for five tests in series is 0.24%. The rate of

negatives represented by the 13 cases exceeds what would be

expected from false negatives alone, and at least some of

these 13 sensitized participants may have expressed true

immune system conversion. However, 3 of the 13 had some

minimal potential for exposure to beryllium between their

serial Be-LPTs because they continued to work at RFETS,

although they were not assigned to buildings in which

beryllium was used. The majority (69.1%) of sensitized

participants were found to have an abnormal Be-LPT result

on their initial test.

Inter- and Intra-Laboratory Agreement

Tables VA and VB summarize the comparisons of inter-

laboratory split-specimen quality control testing data for the

Be-LPT laboratories. Test results other than abnormal,

borderline-abnormal, and normal were excluded from the

analysis. These data include split specimens from the 18

DOE sites where Be-LPTs were performed during the 1992–

2001 time period. As shown in Table VA, the inter-laboratory

agreement for abnormal results ranged from a low of 26.2%

to a high of 61.8%. In those instances where borderline-

abnormal results were received from both laboratories

(n¼ 15), the results were counted as an abnormal match. In

Table VB the inter-laboratory agreement for abnormal results

was analyzed for the sensitized population only. The sensi-

tized population was selected in order to eliminate the

potential for false positive Be-LPT results influencing the

analysis. Table VC summarizes the intra-laboratory agree-

ment for abnormal results among sequential specimens

analyzed for the sensitized population from the 18 DOE sites.

This agreement ranges from 80.4% to 91.9%.

Using kappa statistics, the best agreement occurred be-

tween laboratories 1 and 4, with a kappa of 0.61 indicating

good agreement. Moderate agreement was demonstrated

between laboratories 1 and 3 (kappa¼ 0.48) and laboratories

2 and 3 (kappa¼ 0.42). The agreement for sequential

specimens tested within the same laboratory ranged from

moderate to fair using weighted kappa, but, as noted above,

the agreement rate for abnormal results of sequential

specimens ranged from 80.4% to 91.9%. Laboratory 1 with

1,967 sequential specimen tests (86.2% agreement among

abnormal results, kappa¼ 0.51) and laboratory 3 with 1,851

sequential specimen tests (91.9%, kappa¼ 0.50) showed

moderate agreement.

For each laboratory, sensitivity and CBD outcomes for

individuals whose serial Be-LPT results went from border-

line-abnormal to normal, borderline-to-borderline and bor-

derline-abnormal to abnormal also were examined. Only the

TABLE III. Initial Be-LPT Results for RFETS Participants with a Known
Potential for Exposure andWho UltimatelyWere Determined to be Sensitized

Be-LPTresults-initial test

Normal (%) Abnormal (%)
Borderline

abnormal (%)

CBD (n¼117) 29 (24.7) 78 (66.7) 10 (8.5)
Sensitized, no CBD (n¼184) 45 (24.5) 124 (67.4) 15 (8.2)
Total (n¼ 301) 74 (24.6) 202 (67.1) 25 (8.3)

TABLE IV. Frequency ofNormal Be-LPTs in SeriallyTested RFETSParticipants Ultimately Determined to
be Sensitized

Number of normal Be-LPTresults preceding the first abnormal result

0 1 2 3 4 5

CBD 85 17 7 0 1 0
Sensitized only 123 38 18 9 1 2
Total 208 55 25 9 2 2
Cumulative total 208 263 288 297 299 301
Cumulative % of total sensitized 69.1 87.4 95.7 98.7 99.3 100
Participants tested 7,820 7,261 5,119 2,783 1,543 674
%Abnormal 2.66 0.76 0.49 0.32 0.13 0.30
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first borderline-abnormal result and the subsequent con-

firmational retest result for each individual was used in the

analysis. Of the 19,396 normal, borderline-abnormal and

abnormal Be-LPT results received by 7,820 RFETS

participants tested between 1992 and 2001, 355 participants

exhibited borderline-abnormal results. Borderline-abnormal

to normal results (271/355) occurred significantly (P< 0.01)

more often than borderline-to-borderline results (37/355) or

borderline-abnormal to abnormal results (47/355). Indivi-

duals, who received a borderline-abnormal result followed

by a normal result at the same laboratory, eventually were

found to have beryllium sensitivity 9.23% of the time and

CBD 3.32% of the time. In individuals who received a

borderline-abnormal result followed by another borderline-

abnormal result at the same laboratory, a significant

(P< 0.01) increase was found in the percentage of indivi-

duals found to have beryllium sensitivity (35.16%) and CBD

(8.11%) over the borderline-abnormal to normal cohort.

Similarly, in individuals who received a borderline-abnormal

result followed by an abnormal result, a significant (P< 0.01)

increase was found in the percentage of individuals found to

have beryllium sensitivity (51.06%) and CBD (23.40%)

versus the borderline-abnormal to normal cohort.

Statistical Parameters

Table VI lists calculated statistical parameters for the

Be-LPT. The calculations are based on the data collected

from 1992 to 2001 for the RFETS population, as this popu-

lation provides the largest homogeneous set of beryllium

sensitivity and CBD data. The test sensitivity (0.683), true

positives/(true positivesþ false negatives) is the probability

that a patient with CBD will have an abnormal Be-LPT result.

The test specificity (0.969), true negatives/(true negativesþ
false positives) is the proportion of normal tests in all patients

who do not have CBD. The PPV for the first abnormal Be-

LPT result (true positives/(true positivesþ false positives))

for CBD was 0.253. The PPV for the first abnormal Be-LPT

for beryllium sensitivity was 0.580.

DISCUSSION

Analysis of data from the RFETS beryllium medical

surveillance program demonstrates the efficacy of the Be-

LPT in determining beryllium sensitivity. The calculated

values for test sensitivity (0.683) and specificity (0.969) of

the Be-LPT for a 10-year period in a serially tested popu-

lation of 7,820 current and former employees illustrate the

usefulness of the Be-LPT in a properly designed beryllium

medical surveillance program. The calculated PPV indicates

that 25.3% of participants with one abnormal Be-LPT result

and 38.9% of those found sensitized ultimately were diagno-

sed with CBD. The PPV for CBD may be underestimated by

factors such as the thoroughness of the clinical evaluation,

and the number of repeat evaluations a sensitized individual

had before diagnosis of CBD. This predictive capability is

TABLE VA. Inter-Laboratory Split-SpecimenAgreement,1992^2001

Laboratories
Number of
test pairs

Number of
abnormal-abnormal pairs

%Agreement for
abnormal results

1and 2 1,716 126 26.2
1and 3 2,604 272 39.7
1and 4 106 34 61.8
2 and 3 2,496 210 32.4
2 and 4 17 0 n/a
3 and 4 455 22 27.3

TABLE VB. Inter-Laboratory Split-Specimen Agreement, Sensitized Cases
Only,1992^2001

Laboratories
Number of
test pairs

Number ofabnormal-
abnormal pairs

%Agreement for
abnormal results

1and 2 93 34 36.6
1and 3 218 107 49.1
1and 4 34 22 64.7
2 and 3 159 65 40.9
2 and 4 0 n/a n/a
3 and 4 9 5 55.6
Total 513 233

TABLE VC. Intra-Laboratory Split-Specimen Agreement, Sensitized Cases
Only,1992^2001

Laboratory
Number of
tests

Number of
abnormal tests

%Agreement for
abnormal results

1 427 368 86.2
2 285 229 80.4
3 345 317 91.9
4 72 64 88.9

TABLE VI. Calculated Parameters for RFETSBe-LPTResults (n¼19,396)

CBDprevalence 1.50%
Sensitized only prevalence 2.35%
Backgroundberyllium sensitivity prevalence 0.00%
False positive rate 1.09%
False negative rate
Borderline-abnormal results included 27.7%
Borderline-abnormal results excluded 31.7%

Be-LPTsensitivity 0.683
Be-LPTspecificity 0.969
Be-LPT (1st abnormal) PPV for sensitivity 0.580
Be-LPT (1st abnormal) PPV for CBD 0.253
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similar to that of other widely accepted medical screening

tests, such as the prostate-specific antigen, Pap smear,

tuberculin skin test, and mammography [Nash and Douglass,

1980; Kerlikowske et al., 1993; Brown et al., 1995; Fahey

et al., 1995; Gann et al., 1995; Marshall, 1995; Bass, 2001;

Schroeder et al., 2001; Solomon et al., 2001; Kulasingam

et al., 2002].

The PPV of the first abnormal Be-LPT for beryllium

sensitivity was 0.580. Using the Be-LPT to accurately

identify beryllium sensitization is extremely important as it

portends a future risk of developing CBD. It may also assist

health and safety personnel in determining the effectiveness

of changes in workplace practices that are implemented to

minimize the risk of beryllium sensitization and CBD.

To assess the potential for environmentally induced

beryllium sensitivity, the authors measured beryllium sensi-

tization in a population of RFETS non-beryllium exposed

individuals. Normal results from the initial Be-LPTs of 291

non-beryllium exposed RFETS newly hired employees, and

from 167 non-beryllium exposed current employees supports

the idea that beryllium sensitivity, as the result of non-

occupational exposure, is rare. In addition to these initial Be-

LPTs, 149 non-beryllium exposed current employees receiv-

ed a second serial test and 136 received a third serial retest

without the identification of beryllium sensitivity.

The relatively high rate of false negatives seen in this

study demonstrates the importance of serially testing beryl-

lium exposed individuals. False negatives range from about

25% to 38%, depending upon which laboratories and DOE

sites are included in the data set and whether borderline-

abnormal test results are included and treated as abnormal

results. The range of false negatives might be the result of

factors that influence a laboratory’s ability to repeat an

abnormal test. Such factors may include the frequency and

level of exposure, the latency of testing, and the type of

beryllium exposure at each of the tested sites. False negative

results can occur in individuals who are in the process of

becoming sensitized to beryllium. As the immune system

response grows, the likelihood of a repeatable abnormal test

increases while the likelihood of false negative results

decreases. This is demonstrated by the inspection of serial

Be-LPT results for a beryllium-exposed population.

A small percentage of individuals tested with normal Be-

LPT results may, as the result of false negative tests, be

sensitized, have CBD and not be offered a CBD medical

evaluation. This investigation offered serial Be-LPTs and

used a multiple laboratory testing protocol to minimize the

probability of missing an individual as the result of a false

negative Be-LPT result.

It should be noted that because abnormal tests were

generally repeated in the original laboratory, plus one other

laboratory, the calculated false negative rates might be

artificially increased as the result of our retesting scheme and

the fact that a different serum is used in each of the labora-

tories. Serum differences play a role in laboratory agreement

as shown by the differences between intra-laboratory and

inter-laboratory results. Additional factors that can affect a

laboratory’s ability to repeat a positive test include the

number of Be-LPTs that the laboratory regularly performs,

the proficiency and experience of the laboratory personnel,

and the statistics used to analyze the Be-LPT data.

Of the 301 RFETS participants diagnosed with be-

ryllium sensitivity or CBD, 98.7% had abnormal results by

the fourth serial Be-LPT. The average period between serial

Be-LPTs in the RFETS population was 3.2 years. Four

former employees had three or more normal Be-LPT results

prior to the first abnormal Be-LPT result, and another 17 had

two normal results prior to an initial abnormal result. Based

on interviews and questionnaire data, these 21 former

employees were found to have no identifiable opportunity

for beryllium exposure for at least 9 years (range 9–23 years).

These findings indicate the potential for the development or

recognition of beryllium sensitivity long after exposure to

beryllium has ceased. For individuals who no longer have the

opportunity for exposure to beryllium and no B-reader chest

X-ray findings or symptoms suggestive of CBD, our results

indicate that the value of the Be-LPT is diminished after the

third or fourth normal test result, and that testing can be

stopped if serial Be-LPTs are normal. However, periodic

surveillance testing using the Be-LPT is recommended, if the

potential for exposure to beryllium continues. Individuals

with known exposure to beryllium and unexplained pulmon-

ary findings consistent with CBD should be considered for

further clinical evaluation even with repeatedly normal

Be-LPTs.

These results aid those planning long-term beryllium

medical surveillance efforts by providing an empirical basis

for determining the length of follow-up required to determine

the presence or absence of beryllium sensitivity or CBD, in

individuals no longer exposed to beryllium. Individuals in

beryllium surveillance testing programs should be instructed

that if unexplained respiratory symptoms arise that are

suggestive of CBD, they should contact their beryllium medi-

cal surveillance provider for further guidance and potential

evaluation.

The authors previously reported a 21% to 38% agree-

ment among three Be-LPT laboratories for split-specimen

tests that followed previous abnormal results [Stange et al.,

2001]. Other investigations have indicated inter-laboratory

variability in Be-LPT results [Kreiss et al., 1997; Deubner

et al., 2001]. These previous studies reflect data that is nearly

10 years old. Since that data was reported, the increase in

inter-laboratory agreement for abnormal results may be

attributed to several factors including improved laboratory

technique (the standardization of Be-LPT protocols) and the

laboratories increased experience in performing the Be-LPT.

We believe the data and analysis of this current investigation

is more reliable. The data set used in this investigation to
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examine laboratory agreement for split specimens was

expanded to include data from 17 other DOE sites. Agree-

ment between some laboratories is markedly different than

between other laboratories, for example, Lab 1 has better

agreement with Lab 4 (61.8%) than with the other labora-

tories (Lab 2: 26.2%; Lab 3: 39.7%). These inter-laboratory

differences may be the result of several factors including, the

statistical interpretation of the Be-LPT data, the differences

or similarities in the human serum pools used by each of the

laboratories, the protocols and equipment used by the

laboratories, and the amount of experience of the laboratories

technicians.

This study found that the overall inter-laboratory

agreement (1992–2001) for the four Be-LPT laboratories

for all Be-LPT results ranged from 93.8% to 98.1%, and the

range of agreement for abnormal results ranged from 26.2%

to 61.8% (kappa 0.42–0.61). The kappa values may be

underestimated as the result of factors intrinsic to sequential

testing, such as immune system variability over time, and the

differences in environmental conditions during specimen

shipment.

The better intra-laboratory agreement suggests that

much of the poorer inter-laboratory agreement may be the

result of test serum differences. Consideration has been given

to having all of the Be-LPT laboratories use the same human

serum in their test. However, if the difference seen among the

laboratories is due to the serum, using a single human serum

might decrease the ability to identify sensitized individuals.

In addition, coordinating the use of a single serum is not

practical because of several factors including highly variable

levels of testing between laboratories and the limited size of

available serum lots.

In this investigation if a participant was found through

serial testing to have an initial borderline-abnormal result

followed by an abnormal result from the same laboratory, the

majority (87.1%) of these participants eventually developed

either beryllium sensitivity or CBD. However, if an initial

borderline-abnormal result was followed by a normal result

from the same laboratory, only a small percentage (9.9%)

of these participants have been identified with beryllium

sensitivity or CBD. Based on these observations, the authors

recommend that individuals with borderline-abnormal results

should be offered two repeat Be-LPTs, using the initial as

well as a second testing laboratory.

Inter- and intra-laboratory agreement varied among the

four Be-LPT laboratories that were used to perform the

testing. Careful examination of Be-LPT results and con-

firmation of abnormal results is recommended to assure

appropriate referral for additional clinical evaluation. The

Be-LPT is a highly effective tool for the identification of

beryllium-sensitized individuals who may be at risk for the

development of CBD. However, in cases where beryllium

sensitivity is not clear, proper assessment and disposition of

these cases requires careful examination of serial Be-LPT

results and knowledge of medical and exposure history

through questionnaires and trained participant interviewers.

The Be-LPT can be used as a means to identify areas of

excess beryllium exposure where remediation is warranted,

and to identify employee populations at risk.

The RFETS data indicate that sensitized individuals

with no evidence of CBD or other lung disease (i.e., pulmo-

nary function tests are normal; there are no B-reader chest X-

ray findings possibly related to CBD; and there are no

symptoms of CBD) can be clinically evaluated every 2 years.

Of the 117 participants diagnosed with CBD, 90.5% were

identified by their second clinical evaluation and 99.1% by

their fourth, with the mean time to these evaluations of

2.73 years and 4.83 years, respectively, although diagnoses

occurred up to 9.77 years following the identification of

sensitivity. The results suggest that the frequency and the

comprehensiveness of CBD clinical evaluations for sensi-

tized individuals could be progressively reduced if CBD is

not diagnosed by the fourth evaluation, and if the individual’s

pulmonary condition remains stable.
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